The three FOXA transcription factors are mainly known for their roles in the liver. However, Foxa3-deficient mice become progressively sub/infertile due to germ cell loss. Because no data were available regarding the localization of the FOXA3 protein in the testis, immunohistochemistry was performed on mouse testis sections. In the fetal testis, a weak but consistent staining for FOXA3 is detected in the nucleus of Sertoli cells. In prepubertal and adult life, FOXA3 remains present in Sertoli cells of some but not all seminiferous tubules. FOXA3 is also detected in the nucleus of some peritubular cells. From postnatal day 20 onward, FOXA3 is strongly expressed in the nucleus of Leydig cells. To identify FOXA3 target genes in Leydig cells, MLTC-1 Leydig cells were transfected with a series of Leydig cell gene reporters in the presence of a FOXA3 expression vector. The plateletderived growth factor receptor a (Pdgfra) promoter was significantly activated by FOXA3. The Pdgfra promoter contains three potential FOX elements and progressive 5 0 deletions and sitedirected mutagenesis revealed that the most proximal element at 278 bp was sufficient to confer FOXA3 responsiveness. FOXA3 from Leydig cells could bind to this element in vitro (electrophoretic mobility shift assay) and was recruited to the proximal Pdgfra promoter in vivo (chromatin immunoprecipitation). Finally, endogenous Pdgfra messenger RNA levels were reduced in FOXA3-deficient MLTC-1 Leydig cells. Taken together, our data identify FOXA3 as a marker of the Sertoli cell lineage and of the adult Leydig cell population, and as a regulator of
L eydig cells produce hormones and growth factors that are essential for proper male reproductive development and function. These include androgens (mainly testosterone), insulin-like 3 (INSL3), and insulin-like growth factor 1. Androgens are essential for the acquisition of the male sexual characteristics during fetal development and at puberty as well as for the initiation and maintenance of spermatogenesis (1) (2) (3) . INSL3 is a master regulator of gonadal positioning and as such was shown to be essential for testis descent in males (4, 5) . Insulin-like growth factor 1 produced by Leydig cells was found to be a key factor involved in maintaining the pluripotency of mouse spermatogonial stem cells (6) . Although these hormones/growth factors are essential for male fertility and reproductive health, they are produced by two distinct Leydig cell populations, as follows: the fetal Leydig cells (FLC) and the adult Leydig cells (ALC). FLC are active during fetal life and degenerate soon after birth (7) , whereas ALC start to differentiate just before puberty and remain functional throughout life (8) .
Leydig cell differentiation and function are regulated by several hormones and signaling molecules. These include luteinizing hormone produced by the pituitary and several signaling molecules produced by Sertoli cells, such as platelet-derived growth factor (PDGF) and desert hedgehog (9) (10) (11) . The receptors for these peptides, luteinizing hormone receptor, PDGF-Ra, and Patched, are all expressed by Leydig cells. Platelet-derived growth factor receptor a (Pdgfra) messenger RNA (mRNA) is detected at embryonic day (E) 11.5 in the coelomic epithelium and at the gonad-mesonephros border in both sexes, but its expression within the gonad was only observed in males (12) . Moreover, at E12.5, Pdgfra is strongly expressed in interstitial cells of the XY gonad, near the coelomic epithelium, while being almost absent in the XX gonad (12) . Activation of this tyrosine kinase receptor is necessary for Leydig cell differentiation (10, 12) . Although Pdgfra 2/2 mice die before birth, embryos show defects in testis cord formation, mesonephric cells migration, and FLC differentiation (12) . Conditional Pdgfra inactivation in testicular somatic cells using a Sf1/Cre line resulted in mice that are essentially devoid of both fetal and adult Leydig cells (12, 13) . Furthermore, ALC are absent in mice invalidated for the Pdgfa gene encoding the PDGFA ligand produced by Sertoli cells (10) . Despite the importance of PDGFRA for both FLC and ALC differentiation and function, very little is known about the molecular mechanisms regulating Pdgfra expression in these cells. To date, the Pdgfra promoter was found to be activated by members of the SP1/SP3 family of transcription factors in Leydig cells (14) .
FOXA3, also known as hepatocyte nuclear factor 3g, is a transcription factor belonging to the evolutionary-conserved forkhead box protein superfamily (15) . It is part of the FOXA subfamily that also includes FOXA1 and FOXA2. These transcription factors are well known for their roles in various biological processes from fetal development and organogenesis to the control of homeostasis and metabolism in adults (15, 16) . The mRNA of all three FOXA members are found in most endoderm derivatives, although only Foxa3 mRNA has been reported in the testis, mainly in Leydig cells, and to a lesser extent in spermatids (17, 18) . Foxa3 mRNA is also present in ovarian theca cells, the female counterpart of Leydig cells (15) . There is currently no information as to the presence of the FOXA3 protein in the gonad. Foxa3 2/2 mice are phenotypically normal, but males become progressively sub/infertile due to germ cell loss caused by increased apoptosis (17) . Circulating hormones (testosterone, follicle-stimulating hormone, estradiol) as well as androgen receptor levels were unchanged in Foxa3 ) exhibit a similar phenotype, indicating a gene dosage effect (17) . No direct target gene has been identified for FOXA3 in the testis.
In the current study, we report that, within the mouse testis, the FOXA3 protein is most abundant in the nucleus of Leydig cells of the ALC population. Although also present in the nucleus of some but not all Sertoli and peritubular cells, FOXA3 staining is weaker than in Leydig cells. Using a series of luciferase reporters for various genes known to be expressed in Leydig cells, we found that the Pdgfra promoter is activated by FOXA3. We have mapped the FOXA3-responsive region to an evolutionarily conserved FOX element located in the proximal Pdgfra promoter, which is essential for FOXA3 binding and transactivation. Finally, Pdgfra mRNA levels are decreased in Leydig cells depleted in FOXA3.
Materials and Methods

Cell culture and transfections
The mouse (MLTC-1, TM3) and rat (R2C) Leydig cell lines and the mouse Sertoli cell line 15P-1 were obtained from American Type Culture Collection (Manassas, VA) and grown as recommended by the supplier. The MA-10 mouse Leydig cell line (19) and the MSC-1 mouse Sertoli cell line (20) were provided by M. Ascoli (University of Iowa, Iowa City, IA) and M. Griswold (Washington State University, Pullman, WA), respectively. Transfections were done in 24-well plates using the calcium phosphate precipitation method, as previously described (21) . Briefly, the day before transfection, MLTC-1 cells were plated at 200,000 cells/well, MA-10 at 150,000 cells/well, and TM3 at 40,000 cells/well. The next day, cells were cotransfected with 500 ng promoter construct fused to Firefly luciferase, 250 ng either a FOXA3 cytomegalovirus-driven expression vector or an empty vector, and SP64 as carrier DNA up to 1.5 mg/well. The media was replaced with fresh media (500 mL/well) 12 to 16 hours after transfection. The cells were then lysed, and luciferase activities were measured using the Luminoskan Ascent luminometer (Thermo Scientific, Milford, MA). All transfections were done in duplicate at least three times, as indicated in each figure legend. Different preparations of plasmid DNA were used to ensure reproducibility of the results.
Plasmids
The murine Star, Cyp11a1, Hsd3b1, Cyp19a1, and Insl3 promoters have been previously described (22) (23) (24) (25) (26) . The 22170, 2514, 2243, 2154, 2105, and 250-bp to +16-bp rat Pdgfra promoter fragment have been previously described (14) . A tetranucleotide mutation in the proximal FOX element in the context of the 22170 bp was generated using the QuikChange XL mutagenesis kit (Stratagene, La Jolla, CA) along with the following oligonucleotide (only the sequence of the sense oligonucleotide is shown) in which the mutations are in lowercase: 5 0 -GGG GGG GAC TTC ATT TCC TGA CAG Cgc ggT ACT TTG AGC AAA TG-3 0 . All promoter fragments have been subcloned in a modified pXP1 Luciferase reporter construct (27) . The mouse FOXA3 expression vector was obtained from the mammalian gene collection (Life Technologies, Burlington, ON, Canada). The integrity of each plasmid construct was verified by enzymatic digestion and by sequencing (Centre de Génomique de Québec, CHUQ Research Centre, Quebec City, Canada).
Immunohistochemistry
Immunohistochemistry was performed, as described in (28) 
Protein purification and Western blots
Adult CD-1 mice (50 days old) were obtained on site and euthanized by CO 2 inhalation (Protocol 2009-011). The testes were harvested, and enrichment of Leydig cells was carried out as previously described (29, 30) . Briefly, decapsulated mouse testes were incubated in 199 medium containing 0.25 mg/mL type I collagenase (Sigma-Aldrich Canada) at 37°C for 15 minutes with constant 90 rpm agitation. The tubes were then left standing at room temperature for 5 minutes to allow the seminiferous tubules to fall at the bottom by gravity, and the supernatant enriched in interstitial cells was then harvested and whole-cell extracts were prepared. For the various cell lines (MLTC-1, MA-10, R2C, TM3, MSC-1, 15P-1), cells were rinsed twice with ice-cold PBS and nuclear proteins were prepared, as described previously (28) . Protein concentration was determined using standard Bradford assay. In a denaturing loading buffer, 15 mg aliquots of nuclear proteins were boiled for 10 minutes, fractionated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and transferred onto polyvinylidene fluoride membrane (Millipore Canada, Etobicoke, ON, Canada). Immunodetection was performed using an enhanced chemiluminescence-horseradish peroxidase approach, according to the manufacturer's instructions (GE Health Care Bio-Sciences, Baie d'Urfé, QC, Canada). The detection of FOXA3 and LMNB1 (which serves as a loading control) was performed using a polyclonal anti-FOXA3 antibody (1:200 dilution, sc-5361; Santa Cruz Biotechnology; RRID: AB_647544) and a polyclonal anti-LMNB1 antibody (1:200 dilution; Santa Cruz Biotechnology; RRID: AB_648156). All Western blots were performed at least three times.
RNA isolation, reverse transcription, and quantitative polymerase chain reaction MLTC-1 cells were transiently transfected with either scrambled small interfering RNAs (siRNAs) as control or siRNAs directed against Foxa3 (only sense strand is shown:
UCU GCU UAA UGC AUC CUA G-3 0 ) using jetPRIME (Polyplus Transfection, Illkirch, France). Forty-eight hours later, total RNA was isolated using TRIzol extraction kit (Life Technologies). First strand complementary DNAs were synthesized from a 1-mg aliquot of the various RNAs using the Transcriptor Reverse Transcription System (Roche Diagnostics, Laval, QC, Canada). Quantitative polymerase chain reaction (qPCR) was performed using a LightCycler 1.5 instrument and the SYBR Green PCR Master Mix (Roche Diagnostics), according to the manufacturer's protocol. Polymerase chain reactions (PCRs) were performed using the following Pdgfraspecific primers: forward, 5 0 -CAA TCC AAA GAT GTC CAG GTC-3 0 and reverse, 5 0 -ACC AAG TCA GGT CCC ATT TAC-3 0 . As an internal control, PCRs were performed using previously described Rpl19-specific primers (31). Primer efficiency was determined by serial dilutions (Pdgfra: 2.00, 1.95; Rpl19: 1.97, 1.95). qPCR results with the samples were within the standard curve. The PCRs were done using the following conditions: 10 minutes at 95°C, followed by 40 cycles of denaturation (5 seconds at 95°C), annealing (5 seconds at 62°C for both Rpl19 and Pdgfra complementary DNAs), and extension (20 seconds at 72°C) with single acquisition of fluorescence at the end of each extension step. The specificity of PCR products was confirmed by melting curve analysis, by agarose gel electrophoresis, and by DNA sequencing. Quantification of gene expression was performed using the 2 2DDCt method (32) and is expressed as a ratio of Pdgfra to Rpl19 mRNA levels.
Electromobility shift assay
MLTC-1 Leydig cells were scraped off a 60-mm petri dish in 1.5 mL PBS-EDTA (1 mM) and centrifuged at 3500g for 60 seconds at room temperature, and nuclear extracts were isolated, as described in (33) . DNA-binding assays were performed using 5 mg nuclear extracts in 20 mL 4 mM Tris-HCl (pH 8.0), 24 mM KCl, 0.5 mM EDTA (pH 8.0), 0.4 mM dithiothreitol, 5 mM MgCl 2 , 6% glycerol, and 1 mg poly(dI-dC) for 1 hour on ice. A 0 -GGG GGA GGT GTT GAC GTT CTG CCG G-3 0 . A double-stranded oligonucleotide harboring a mutation (in lowercase) in the proximal FOX element (sense, 5 0 -CTG ACA GCg cgg TAC TTT GAG CAA A-3 0 ; antisense, 5 0 -TTT GCT TAA AGT Acc gcG CTG TCA G-3 0 ) was used in competition experiments to confirm the specificity of FOXA3 binding. For the supershift experiment, 1 mg goat polyclonal anti-FOXA3 antiserum (sc-5361; Santa Cruz Biotechnology; RRID: AB_647544) was added to the binding reaction mixture, and normal goat immunoglobulin Gs (IgGs) were used as control (sc-2028; Santa Cruz Biotechnology).
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation assays were performed, as described (26), with the following modifications. MLTC-1 Leydig cells and Leydig cells enriched from mouse testis were sonicated with a Braun-Sonic 1510 sonicator for 15 cycles of 15-second pulse at two output and constant duty cycle to obtain DNA fragments between 200 and 500 bp. Cross-linked DNA was immunoprecipitated overnight with rotation at 4°C with an anti-FOXA3 antiserum (sc-5361; Santa Cruz Biotechnology; RRID: AB_647544) or goat IgGs as negative control (sc-2028; Santa Cruz Biotechnology). DNA fragments were amplified by qPCR from 2 mL input chromatin sample and 2 mL FOXA3-immunoprecipitated DNA samples with primers specific for the proximal (2136/+62 bp; sense, 5 0 -GAA GAG GTC TTG AGC CTG AGA GA-3 0 ; antisense, 5 0 -TCA AGC TCC AAC AGT AAT GGG CT-3 0 ) or distal (23168/22987 bp; sense, 5 0 -TCG TTT CAC AGG CGT TGT CT-3 0 ; antisense, 5 0 -TGG CGG AGG CCC TTA ATA AA-3 0 ) region of the mouse Pdgfra promoter. qPCRs were carried out using SYBR Green PCR Master Mix (Roche Diagnostics, Laval, QC, Canada) at 95°C for 10 minutes, followed by 40 cycles of denaturation (95°C for 5 seconds), annealing (62°C for 5 seconds), and 72°C for 20 seconds, and completed by a final extension of 5 minutes at 72°C. Absolute quantification of Pdgfra promoter DNA fragments immunoprecipitated with the FOXA3 antiserum is expressed as a ratio of Pdgfra promoter-immunoprecipitated DNA to input DNA levels. Input DNA represents 5% of total DNA used in the chromatin immunoprecipitation experiment. The specificity of the qPCR products was confirmed by electrophoresis on a 13 Red Safestained agarose gel and by sequencing.
In silico promoter analyses
Analysis of the putative FOXA3 binding sites in the Pdgfra promoter was done using the Promo software (34, 35) available on the Alggen website (http://alggen.lsi.upc.es/).
Statistical analyses
Statistical analyses were done by one-way analysis of variance, followed by a Newman-Keuls post hoc test. P , 0.0001 was considered significant for the one-way analysis of variance and P , 0.05 for the post hoc test. Statistical analyses were performed using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA).
Results
The FOXA3 protein is detected in Sertoli, peritubular, and adult Leydig cells FOXA3-deficient male mice are sub/infertile (17) , and, although Foxa3 mRNA has been detected in the testis, no information is available regarding the localization of the FOXA3 protein during male gonadal development. We therefore performed immunohistochemistry on mouse testis sections at various developmental ages. At E13.5, strong nuclear staining for FOXA3 was detected in the liver and in the stomach [ Fig. 1(A) ], as previously described (reviewed in 15). At this stage, a much weaker staining could also be detected in the nucleus of cells within the seminiferous tubule of the testis [ Fig. 1(A) and  1(B) ]. These cells can be identified as Sertoli cells based on the irregular shape of the nucleus and their location at the base of the tubule, whereas gonocytes with their large round nuclei and small cytoplasm are still located in the center of the tubules. At E19.5, the FOXA3 protein was only detected in the nucleus of Sertoli cells [arrowheads in Fig. 1(C) ]. Germ cells, peritubular cells, and Leydig cells were negative [ Fig.  1(C) ]. After birth at postnatal day (P) 20, FOXA3 remained expressed in Sertoli cells [arrowheads in Fig. 1(D) ]. In addition, FOXA3 can also be detected in the nucleus of some peritubular cells identifiable by their flat and elongated nucleus [open arrows in Fig. 1(D) ]. FOXA3 remains expressed in some but not all Sertoli [arrowheads in Fig.  1(D-G)] and peritubular [open arrows in Fig. 1(D-G) ] cells throughout adult life, indicative of a stage-specific expression pattern. In the interstitial compartment, intense labeling for FOXA3 was apparent at P20 in the nucleus of interstitial cells [arrows in Fig. 1(D) ]. FOXA3 expression remained strong in interstitial cells throughout postnatal life at P30, P35, and P90 [arrows in Fig. 1(E-G) ]. The labeling is specific because no signal was observed when the primary antibody was omitted [ Fig. 1(H)] .
Next, the nature of the interstitial cells expressing FOXA3 was determined. As shown in Fig. 2 , the FOXA3-positive interstitial cells were identified as Leydig cells using coimmunolocalization of CYP17A1 (purple cytoplasmic labeling), a marker of steroidogenically active Leydig cells, and FOXA3 (brownish nuclear staining).
The presence of the FOXA3 protein in a series of Leydig and Sertoli cell lines was next determined by Western blot. As shown in Fig. 3 , a band of ;45 kDa corresponding to the size of the FOXA3 protein was observed only in the MA-10 and MLTC-1 Leydig cell lines. Other Leydig (R2C, TM3) and Sertoli (MSC-1, 15P-1) cell lines were negative for FOXA3 (Fig. 3) . Overexpression of FOXA3 in MSC-1 Sertoli cells caused the appearance of a 45-kDa band (Fig. 3, compare lanes 7 and 8) , thus confirming the specificity of the FOXA3 antiserum. Finally, a band of 45 kDa corresponding to FOXA3 was also detected in interstitial cell-enriched mouse testis extracts (Fig. 3, lane 9 ).
FOXA3 activates Pdgfra transcription
To investigate the role of FOXA3 specifically in Leydig cells, MLTC-1 cells were transiently transfected with a series of luciferase reporters for various genes known to be expressed in Leydig cells in the presence or absence of a FOXA3 expression vector. These included the promoters of the rat Pdgfra and mouse Star, Hsd3b1, Cyp11a1, Cyp19a1, and Insl3. As shown in Fig. 4 , only the rat Pdgfra promoter was activated ;2.5-fold in the presence of FOXA3.
Mapping of the FOXA3 response element in the Pdgfra promoter
In silico analyses of the Pdgfra promoter revealed the presence of three putative FOX elements at 278, 2296, and 2670 bp for the binding of FOXA3. Although all three sites are fairly well conserved among rat, mouse, and human [ Fig. 5(A) ], only the proximal element is 100% conserved across these species and identical to the consensus FOX motif (TRTTKRYTY). To determine the importance of the three FOX elements for FOXA3-mediated Pdgfra promoter activation, a series of 5 0 progressive deletion constructs were first generated and transfected in MLTC-1, MA-10, and TM3 Leydig cells in the presence or absence of a FOXA3 expression vector. The TM3 Leydig cell line was included to determine whether the activation of the Pdgfra promoter by FOXA3 could also be observed in a Leydig cell line that does not endogenously express FOXA3. Deletion from 22170 to 2514 bp that removes the distal FOX element was still activated by FOXA3 [ Fig. 5(B) ]. Similarly, deletion to 2243 bp removing the middle FOX element had no effect on FOXA3 responsiveness [ Fig. 5(B) ]. FOXA3-mediated transactivation was maintained with the 2154-and 2105-bp deletion constructs. However, a deletion construct to 250 bp was no longer significantly activated by FOXA3 [ Fig. 5(B) ], indicating that the FOXA3-responsive element is located between 2105 and 250 bp. This region contains the proximal FOX element at 278 bp. To assess the importance of the proximal FOX element, a mutation was introduced by site-directed mutagenesis in the context of the 22170-bp Pdgfra promoter. As shown in Fig. 5(B) , this mutation abrogated the activation of the Pdgfra promoter by FOXA3. Thus, the proximal 278-bp FOX element is necessary and sufficient to confer FOXA3 responsiveness in all Leydig cell lines tested.
FOXA3 binds to the proximal Pdgfra promoter
To assess whether FOXA3 can directly bind to the proximal FOX element at 278 bp, electrophoretic mobility shift assays (EMSAs) were performed using nuclear extracts from MLTC-1 Leydig cells. As shown in the second lane of Fig. 6(A) , a shift was observed when the probe was incubated with the nuclear extracts. Specificity of the binding was then determined by performing competition assays using 5-and 25-molar excess of unlabeled oligonucleotide corresponding to the three FOX elements (278, 2296, and 2670 bp). The binding was competed with oligonucleotides for the proximal 278 bp Fig. 6(A), lanes 9 and 10] . To confirm the identity of the protein in the complex, EMSAs were performed in the presence of an aFOXA3 antiserum. As shown in Fig. 6(A) , lane 12, the complex was supershifted in the presence of the aFOXA3 antiserum but not when incubated with the IgG [Fig. 6(A), lane 11] . Thus, FOXA3 present in MLTC-1 Leydig cells can bind specifically to the proximal FOX element at 278 bp of the rat Pdgfra promoter.
Next, recruitment of FOXA3 to the proximal Pdgfra promoter in vivo in MLTC-1 Leydig cells and in Leydig cells enriched from mouse testes [ Fig. 6(B) ] was assessed by chromatin immunoprecipitation. Proteins were cross-linked to the chromatin, which was then sheared and subjected to immunoprecipitation using an aFOXA3 antiserum. qPCR revealed an enrichment when an antibody specific to FOXA3 was used compared with a nonspecific IgG in the MLTC-1 Leydig cell line and in cultures of enriched Leydig cells [ Fig.  6(B) ]. There was no recruitment of FOXA3 to a more distal region of the Pdgfra locus devoid of FOX element [ Fig. 6(B) ]. FOXA3 is thus recruited to the proximal Pdgfra promoter in a native chromatin environment in Leydig cells.
FOXA3 contributes to endogenous Pdgfra expression
To further demonstrate a role for FOXA3 in Pdgfra gene expression, siRNAs against FOXA3 were used to decrease FOXA3 protein levels in MLTC-1 Leydig cells [ Fig. 7(A) ], and qPCR were performed to assess endogenous Pdgfra mRNA levels. As shown in Fig. 7(B) , Pdgfra mRNA levels were decreased by 25% in FOXA3-depleted MLTC-1 Leydig cells compared with cells treated with scrambled siRNAs. Thus, FOXA3 participates in Pdgfra gene transcription in MLTC-1 Leydig cells.
Discussion
The FOXA3 protein is present in three somatic lineages of the mouse testis
The presence of Foxa1, Foxa2, and Foxa3 mRNA in the testis was first studied by RNase protection assay in the early 1990s and revealed that only Foxa3 mRNA was present in this tissue (18, 36) . More recently, a transgenic mouse line carrying a yeast artificial chromosome (YAC) carrying the Cre recombinase gene driven by a fragment of the Foxa3 regulatory region was crossed with a lox-STOP-lox Rosa26 line strain. In this mouse model, b-galactosidase activity was detected in Leydig cells and in spermatids, suggesting that the Foxa3 gene was expressed in these cells (17) . The degenerated tubules and decreased fertility phenotype of Foxa3-deficient mice were caused by loss of early germ cells, which were negative for b-Gal staining (17) . Because this phenotype could not be explained by the presence of b-Gal staining in spermatids and later stages (17), Behr et al. (17) concluded that defects in another testicular cell lineage, such as Leydig cells, were the cause of the degenerated tubules and decreased fertility. Our current localization of the FOXA3 protein in the nucleus of Leydig, Sertoli, and peritubular cells is in agreement with this conclusion.
The fact that we did not detect the FOXA3 protein in germ cells at any stage of development contrary to the YAC mouse line can be explained by different possibilities that are not mutually exclusive. The Foxa3 YAC transgenic line was found to recapitulate Foxa3 expression in all tissues known to endogenously express this gene, such as the liver (37, 38) . However, in cell lineages in which endogenous Foxa3 mRNA has not been studied, such as the testis, it is impossible to exclude the possibility of ectopic expression of the b-Gal transgene in some cell lineages if lineage-specific regulatory elements are missing in the YAC transgenic line. In addition, the fact that we detected the FOXA3 protein in the nucleus of Sertoli and peritubular cells, which did not exhibit b-Gal staining (17) , further supports the notion that some testis-specific elements are missing from the YAC transgene. Alternatively, it is possible that the Foxa3 mRNA is present in spermatids but not actively translated, which is not uncommon in differentiated germ cells. We localized the FOXA3 protein to the nucleus of some but not all Sertoli cells from the early stages of testis formation throughout adulthood. The exact role of FOXA3 in Sertoli cells remains to be fully elucidated, but some clues are provided by the In addition to somatic cells of the seminiferous tubule, the FOXA3 protein was also found in interstitial somatic cells that were identified as Leydig cells. Functional Leydig cells are essential for proper male sex differentiation and function. The FLC are active during fetal life and disappear soon after birth to be replaced by another population just prior to puberty, the ALC, which remain functional throughout life (reviewed in 39, 40) . It is still unclear whether these two populations share a common precursor or if they derive from distinct mesenchymal Leydig stem cells. Our localization of the forkhead box transcription factor FOXA3 in the ALC, but not the FLC, is in agreement with the concept that the two Leydig cell populations are distinct. This is also supported by the fact that the main androgen produced by FLC is androstenedione, whereas ALC produce mainly testosterone (41, 42) .
Although the FOXA3 protein was detected in Leydig and Sertoli cells in the mouse testis by immunohistochemistry, FOXA3 was only detected in two of the four Leydig and none of the Sertoli cell lines tested by Western blot. All cell lines have limitations and exhibit altered characteristics compared with the native cell lineage, according to the stage of differentiation at which the cell line was immortalized (reviewed in 43). In addition, it is not uncommon that a cell line loses some characteristics of the original cell lineage. The fact that FOXA3 is present in MLTC-1 and MA-10 Leydig cells indicates that these cell lines are suitable models for the study of the role of this transcription factor in Leydig cell gene expression.
The presence of the FOXA3 protein in three somatic lineages of the testis is consistent with the phenotype of the FOXA3-deficient mice. Both homozygote Foxa3 2/2 and heterozygote Foxa3 +/2 males show decreased fertility over time, which was explained by a higher rate of early germ cell apoptosis (17) . Interestingly, an endocrine problem was excluded as a probable cause because the FOXA3-deficient males had normal levels of circulating follicle-stimulating hormone, estradiol, and testosterone as well as normal levels of the androgen receptor (17) . The authors suggested that the progressive sub/ infertility phenotype could be due to a localized paracrine defect (17) . Our current data also suggest that defects in the differentiation or function of Leydig, Sertoli, and/or peritubular cells could account for the observed phenotype.
FOXA3 regulates Pdgfra promoter activity in Leydig cells
Despite its importance in male reproductive function, no direct target genes had been identified for FOXA3 in Leydig cells. Behr et al. (17) performed microarrays to compare the gene expression profile from whole testes of Foxa3 2/2 and wild-type adult mice and identified some differentially expressed genes that included genes encoding kallikreins and zinc finger proteins. However, no direct role for FOXA3 in their regulation was reported. In the current study, none of the steroidogenic promoters tested was activated by FOXA3, which is The PDGFA-PDGFRA system, in which the PDGFA ligand is produced by Sertoli cells and the PDGFRA receptor found on interstitial cells, is known to be essential for Leydig cell differentiation and thus male reproductive development and function (reviewed in 44). Although Pdgfra was first believed to be expressed by fetal and adult Leydig cells (12, 45) , a more recent report indicates that in the fetal testis Pdgfra is not expressed by fetal Leydig cells, but is rather expressed by a distinct population of interstitial cells (41) that could represent stem Leydig cells of the fetal and/or the adult populations. The fact that Pdgfra is expressed mainly in steroidogenically active Leydig cells of the adult population, which also express FOXA3 (current work), further supports a role for this transcription factor in Pdgfra expression in these cells.
Up to now, only a handful of transcription factors has been shown to regulate Pdgfra expression in Leydig cells and include the ubiquitous factors SP1 and SP3 (14) . However, in other tissues, additional factors were reported to regulate Pdgfra transcription, including other members of the FOX family. More recently, FOXO1, 3, and 4 have been shown to regulate Pdgfra expression in neuroblast cells (46) . All three FOXO were found to activate the mouse and human Pdgfra promoter via the same proximal FOX element (278 bp) we identified as essential for FOXA3 binding and activation of the mouse Pdgfra promoter in Leydig cells. Although the Pdgfra promoter contains three potential FOX elements, only the proximal is conserved across all species analyzed. Our EMSA data, however, revealed that FOXA3 can also bind to the distal element as well as to the proximal element, but only the proximal element is important for FOXA3 responsiveness. Several possibilities can explain these data. For instance, the binding of a transcription factor to a specific element in an in vitro EMSA does not necessarily lead to a functional response. The transcriptional activation process involves unique combination of several transcription factors and cofactors. It is therefore possible that binding of FOXA3 to the proximal FOX element activates transcription because of interactions/cooperations with other DNA-bound neighboring factors. Furthermore, we cannot exclude the possibility that both the distal and proximal FOX elements contribute to the FOXA3-dependent activation of the Pdgfra promoter in a native chromatin environment in vivo. Nevertheless, the species-conserved proximal FOX element in the Pdgfra promoter is functional in various tissues and is essential to mediate the action of different FOX family members. study. We also thank Eric Boucher for technical assistance with animal tissues.
